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Abstract 
Recent results on the optical properties of mono- and few-layers of semiconducting transition 
metal dichalcogenides are reviewed. Experimental observations are presented and discussed in the 
frame of existing models, highlighting the limits of our understanding in this emerging field of 
research. We first introduce the representative band structure of these systems and their interband 
optical transitions. The effect of an external magnetic field is then considered to discuss Zeeman 
spectroscopy and optical pumping experiments, both revealing phenomena related to the valley degree 
of freedom. Finally, we discuss the observation of single photon emitters in different types of layered 
materials, including wide band gap hexagonal boron nitride. While going through these topics, we try 
to focus on open questions and on experimental observations, which do not yet have a clear 
explanation.  
1. Introduction 
Atomically thin layers of semiconducting transition metal dichalcogenides (S-TMDs) 
represent a new class of materials which are of vivid interest [1–6], primary in the area of the 
semiconductor physics and nanoscience as well as opto-electronic applications. The studies of thin 
films of S-TMDs are greatly inspired by and profit from the research and developments focused on 
graphene-based systems [7]. Viewed as a part of the “beyond graphene research”, the studies of thin 
films of S-TMDs are largely at the level of basic research, aiming to enlighten their fundamental 
properties and potentially new functionalities [1–6]. The investigations of optical properties represent 
one of the main directions of research on S-TMD layers. Selected topics in this area are presented 
here, in particular those covered to a certain extent by a series of our recent studies [8–14]. 
Considerable emphases are focused on striking effects and unresolved problems which are discussed 
in the context of the apparent experimental data and related theoretical concepts. 
2. Overview of electronic bands; optically bright and darkish monolayers  
The family of S-TMDs (of MX2 type) includes MoS2, MoSe2, WS2, WSe2, and MoTe2 
compounds. A large portion of this paper is focused on the properties of S-TMD monolayers (1L). 1L 
S-TMDs emit light efficiently [5] and are most commonly believed to be direct band gap two-
dimensional semiconductors [5], in strike contrast to indirect band gap S-TMDs in the bulk form, 
extensively investigated in the past [15]. A pictorial scheme of the near band-edge structure of 1L 
S-TMD is shown in Fig. 1. Minima (maxima) of the conduction (valence) band are located at the K+ 
and K− points of the Brillouin zone (BZ) of the hexagonal crystal structure of S-TMDs. Within a 
simplified approach, this band structure follows the model of graphene with a broken sublattice 
symmetry (alternating M and X atoms in the lattice hexagons)  [16–19], which implies an appearance 
of the gap as well as the specific, valley selective rules for circular polarization of optical transitions 
(see Fig. 1). The next relevant characteristics of S-TMDs' bands are the significant effects of the spin 
orbit (SO) interaction, inherited from heavy transition metal (M) atoms [16]. The states around the 
valence band (VB) maxima are at large built of M-orbitals with an angular momentum 2 (d2), thus 
displaying rather large SO splitting (so,vb), which indeed varies from ~150 meV for MoS2 to 
~450 meV for WSe2 [8,10,11,13,20–35], see Table 1.  so,vb accounts, in the first approximation, for 
the energy separation between two most characteristic interband transitions observed in S-TMDs 
known as A and B optical resonances (see Fig. 1). Since the states around the conduction band (CB) 
minima are predominantly built of d0 M-orbitals, they show a considerably smaller SO splitting (so,cb). 
Nevertheless, so,cb remains to be apparent due to the second order effects for d0 orbitals and 
an admixture of p-states of chalcogen (X) atoms [32,34,36]. Notably, these two latter effects are 
expected to yield the opposite in sign contributions to the SO splitting, thus raising a possibility of two 
distinct scenarios of: (i) optically bright monolayers with the aligned spins in the upper VB and lowest 
CB subbands (so,cb> 0, set as a convention) and thus optically active ground state transition, and ii) 
optically darkish monolayers with antiparallel spins in the upper VB and lowest CB subbands (so,cb< 
0), thus optically inactive ground state transition. The band structure calculations indicate that MoSe2 
and MoTe2 monolayers can be bright whereas WSe2 and WS2 monolayers are likely darkish 
[32,34,36],  see Table 1. The case of MoS2 is less clear; the estimated so,cb for this material falls in the 
range of small meVs. When comparing the optical response of different monolayers we argue in this 
paper that their bright or darkish character is one of the important ingredients to be accounted for their 
often quite distinct and sometimes conspicuous behavior. The quantitatively different dependence of 
the photoluminescence (PL) intensity versus temperature, observed in WSe2 [10,37–39] and MoSe2 
[11,37] monolayers has been the first experimental signature of possibly distinct band alignments in 
these two monolayers. Typically, as shown in Fig. 2, the PL intensity decays considerably with 
increasing the temperature in 1L MoSe2 [11]. However, an unconventional rise of the PL signal can be 
observed in 1L WSe2 [10]. Different hypotheses have to be thoroughly examined to firmly account for 
these experimental observations, but one of them follows our assertion of distinct alignments of SO 
split subbands in 1L MoSe2 and 1L WSe2. Indeed, if the energetically lowest lying interband 
resonance is optically inactive in 1L WSe2, the increase of the PL intensity with temperature in this 
monolayer is accounted for by a considerable activation of the population of higher energy, optically 
active states. In contrast, the MoSe2 monolayer with optically active ground state resonance shows 
a conventional decrease of the PL intensity with increasing the temperature reflecting, as for many 
semiconductors, a gain in efficiency of non-radiative processes at high temperatures. 
Whereas S-TMD monolayers are commonly considered to be direct gap semiconductors, most 
of N-monolayers (NLs) of S-TMDs emit light much less efficiently and all of them appear to be 
indirect gap semiconductors for N > 1 (perhaps with an exception of a possible direct band gap MoTe2 
bilayer [8]). This crossover from direct to indirect band gap system is reproduced in a number of band 
structure calculations [2,17–19]. As illustrated in Fig. 1, the relevant band structure evolution expected 
upon increasing N consists of the upwards shift of the valence band at the Г point of the BZ and the 
downwards shift of the conduction band at the Λ point (located roughly in the middle way of the band 
dispersion in the direction between K and Г points of the BZ, see Fig. 1).  As a result of these band 
shifts, the N-MLs with N > 1 appear as semiconductors with indirect Λ-Г or K-Г band gaps. Worth 
noting is, however, that the pronounced absorption band edge (e.g., that traced in absorption-type 
experiments) is always (in all NL S-TMDs) associated with the direct band gap appearing at the K+ 
and K− points of the BZ [2,17–19]. 
Single-particle band structure picture is certainly not sufficient to accurately describe the 
optical properties of S-TMD layers. Coulomb interaction between electrons and holes is particularly 
strong in these systems, imposing the exciton binding energies in the range of few hundreds of meVs 
in monolayers [28,29,33,40–45]. The unconventional dielectric screening effects for 2D S-TMDs 
deposited on alien substrates is another relevant issue (e.g., resulting in non-Rydberg ladders of 
excitonic excited states in 1L S-TMDs [11,28,42]). Here we bear in mind the excitonic effects at 
a simplified but commonly referred level, assuming the formation of bound exciton states associated 
with each separate pair of the VB and CB subband edges.   
Firm description of the optical properties of S-TMDs requires the band structure and excitonic 
effects to be taken into account on the same footing. Such models are, however, largely not analytical 
and so far mostly applied to a single system of MoS2 monolayer [40,41,46]. Whereas the works on 
MoS2 structures have indeed pioneered the research on atomically thin S-TMDs, the optical quality 
(width of resonances) of MoS2 films remains rather poor, even today (see [47] for efforts to improve 
the quality of MoS2 optical response). Considerably better quality of optical responses (narrower 
resonances) is displayed by other S-TMD layers and those are mainly discussed in the course of this 
paper. 
3. Fundamental interband optical transitions 
The fundamental optical transitions in S-TMD monolayers, appearing in the vicinity of 
A excitons, span the spectral range from ~1.15 eV for 1L MoTe2 [8,48] up to ~2.1 eV for 1L WS2 
[5,23,49]. These transitions are most commonly traced with photoluminescence and 
reflectance/absorption measurements. The results of such measurements (at low temperatures of 
about 10 K) are shown in Fig. 3 for four representative S-TMD monolayers of MoTe2, MoSe2, WSe2 
and WS2 (intentionally undoped flakes deposited on Si/SiO2 substrates).  
To start with we focus on the absorption response of S-TMD monolayers (red traces in 
Fig. 3), as derived from transfer-matrix analysis [50,51] of the measured reflectance contrast spectra 
(light-grey curves). Please note that direct comparison of the measured reflectance-contrast spectra is 
rather meaningless due to different dielectric/interference effects in multilayer geometry of S-TMD 
flakes deposited on Si/SiO2 substrates with, in particular, different thicknesses of SiO2 layers. As 
largely discussed in literature, one expects the fundamental absorption spectra of S-TMD monolayers 
to display strong Lorentzian-shape resonances due to neutral A exciton (XA
0 ), and possibly, lower-
energy, usually weaker peaks, commonly assigned to charged excitons (trions) X [52] (due to 
unintentional, n- or p-type doping, likely present in majority of S-TMD samples). As can be seen in 
Fig. 3, the above scenario holds for the case of 1L MoTe2 [13] and WSe2, but not for MoSe2 and WS2 
[53]. Strikingly, the shape of the XA
0  absorption in 1L MoSe2 (marked as 1 in Fig. 3(A)) deviates 
strongly from the expected Lorentzian shape and appears more to be a dispersive-like [11].  
The polariton- [54] or Fano-type coupling [55] are among known effects which can account 
for a dispersive shape of absorption resonances. The polariton effects should be excluded in our 
structures without any optical cavity which is otherwise required to observe the effects of coupling of 
2D excitons with photon modes [56,57]. On the other hand, the Fano-type resonances may arise when 
an excitonic state interacts with the continuum of states of another lower-energy resonance, as has 
been previously observed in III-V semiconductors and their heterostructures [58–61], and also for the 
so called M-point excitons in graphene [62,63].  In reference to our observation, we speculate that the 
continuum of states spanned by the charged-exciton coincides in energy with the ground state exciton, 
and a strong interaction can exist [64,65]. This hypothesis has been further supported by the 
reflectivity-contrast measurements performed as a function of temperature [11], see Fig. 3(B). It can 
be noticed that as the temperature is increased, the charged-exciton gradually loses its absorption 
cross-section and almost completely disappears for 𝑇 > 200 K. This is accompanied by a drastic 
change in the Fano-like line shape, which transforms into an expected Lorentzian-like for 𝑇 > 200 K. 
The Fano-type effect due to the coupling of the XA
0  state with a continuum of the X state is a possible 
explanation of the dispersive absorption shape in 1L MoSe2. This hypothesis calls, however, to be 
verified as it raises some pertinent questions, such as, for example, what is specific to the MoSe2 
monolayer with respect to all other monolayers which behave more conventionally and do not show 
the Fano-type resonances. 
A simple picture of the appearance of two (XA
0  and X) resonances is also not consistent with 
what is seen in the fundamental absorption of WS2 monolayers [53]. As is often observed in our 
experiments, an additional, third line (see feature marked 2 in Fig. 3(A)) appears in the 1L WS2 
spectra, on the low energy side of the X resonance. At this moment, we can only speculate that this 
additional resonance might be due to weak absorption associated with the impurity bound excitons 
[9,10,20,29,66–78] and/or reflecting the appearance of optically active X transitions in both singlet 
and triplet configurations with different binding energies [77,79,80].  Both scenarios are feasible, but 
more work is needed to uncover the origin of the unusual triple-peak absorption observed in 1L WS2. 
Again, the question about the particularity of one (this time WS2) among others S-TMD monolayers 
remains to be clarified. 
Focusing now on low-temperature photoluminescence response of S-TMD monolayers one 
immediately notices (see Fig. 3) a quantitative difference between the PL spectra characteristic of 
MoSe2 and MoTe2 monolayers and those displayed by WSe2 and WS2 monolayers. Whereas the PL 
spectra of MoSe2 and MoTe2 monolayers are rather simple and mostly show just two well-defined 
peaks, the low-temperature PL response of WSe2 and WS2 monolayers is by far more complex 
(multitude of emission peaks). 
The two PL peaks in MoSe2 and MoTe2 monolayers are associated with radiative 
recombination of the neutral (XA
0 ) and charged (X±) A excitons  [8,11,13]. Notably, these two PL 
transitions find their counterparts in the observed absorption/reflectance resonances, appearing at 
similar energies. The relative intensity of the XA
0  and X± resonances, observed in the PL and 
absorption-type spectra, depends on many factors; the density of excess carriers being one of the 
crucial [52]. Less pronounced X± resonances in our 1L MoTe2 than in 1L MoSe2 may reflect the effect 
of smaller in the former case (but higher in 1L MoSe2) unintentional doping of the sample. 
The two (XA
0  and X±) resonances can be also identified in the PL spectra of WSe2 and WS2 
monolayers (as coinciding in energy with their counterparts in absorption response) but these spectra 
are in fact dominated by the bands of emission lines (highlighted by dashed circles in Fig. 3), which 
appear on the low energy side of the charged exciton's line. These dominant below-exciton emission 
bands, reported in many papers [9,10,20,29,66–78], are commonly but vaguely assigned to radiative 
recombination of localized-exciton complexes, with excitons bound to defects/crystal 
imperfections/impurities [81]. Disorder is certainly an important factor when interpreting the PL 
spectra of semiconductors. However, it is very surprising that the “exciton localization” effects are so 
much pronounced in WSe2 and WS2 monolayers but barely apparent in 1L MoTe2 and MoSe2. Thus, it 
is tempting to speculate that the apearance of the below-exciton band in S-TMD monolayers is largely 
a subject of whether a given monolayer is bright (optically active ground state exciton, so,cb > 0) or 
darkish (optically inactive spin-forbiden ground state exciton, so,cb < 0). In the PL process at low 
temperature, the photocreated carriers largely populate the ground state excitons which then efficiently 
recombine (directly or with the assistance of a charge carrier) in case of bright monolayers. Instead, 
the dark ground state excitons in WSe2 and WS2 monolayers cannot recombine directly but require the 
assistance of disorder and/or phonons to break the spin or k-vector selection rules [82,83]. The below-
exciton emission band observed in S-TMD monolayers might therefore well be due to recombination 
of dark-exciton states, though activated by disorder or phonons [82,83]. Further studies are needed to 
clarify the above point and, in particular, the case of MoS2 should be more examined with respect to 
its bright or darkish character. It should be noted that the pronounced below-exciton band can be 
observed for MoS2 monolayers as well [20,66,67,78]. Following our reasoning, the MoS2 monolayer 
should be classified as darkish, which, however, is in contradiction with a theoretical estimation of its 
very small but still positive so,cb ~ 3 meV. The latter value refers to the amplitude of the SO splitting 
at the edge of the conduction band and may change the sign for only slightly higher k-values [32]. 
A firm assessment of the character of the ground-state-exciton state in 1L MoS2 remains perhaps an 
open question. 
Well-pronounced A and B excitons also dominate the absorption onset in S-TMD 
multilayers (NL), in spite of the fact that all NL S-TMDs with N > 1 are indirect band gap 
semiconductors (see Fig. 1). The evolution of the low-temperature absorption spectra (as extracted 
from the reflectance-contrast measurements) as a function of number of layers is shown in Fig. 4 for 
WSe2 and MoSe2 systems. The distinct effect visible in these spectra, which we would like to stress 
and discuss here, is a clear experimental trend that the energy positions of the most pronounced A and 
B excitonic resonances are largely independent on N. This might be surprising since one expects that 
the band structure of NL S-TMDs changes profoundly with N [2,19]. In addition, the strength of the 
electron-hole Coulomb binding is also strongly dependent on layer number, for instance, the A-exciton 
binding energy is estimated to be in the range of 50 - 90 meV in bulk S-TMDs [10,11,15,84,85] but 
reaches the values close to 0.5 eV in S-TMD monolayers [28,42–44,86]. The observation that the 
energies of A and B excitons in NL S-TMDs are practically independent on N implies that the 
expected shrinkage of the bands at the K points of the BZ is practically fully compensated by the 
decrease in the exciton's binding energy, see Fig. 5. This result is somewhat reproduced in advanced 
although not analytical calculations [46], though one would perhaps expect more intuitive arguments 
to account for this effect. It is worth noticing that the robustness of excitons (with respect to their 
apparent energy position) is also known under different conditions, e.g. for S-TMD monolayers 
embedded in different dielectric environment [87–89]. The unchanging energy positions of the A and 
B excitons in multilayers and in monolayers with diferent dielectric enviroment may have a similar 
background. Even in multilayers, the A and B excitons (wave functions) are well confined in each 
individual layer [88], thus their modification (as a function of number of layers) may be thought of as 
mostly determined by the changes of the surrounding dielectric response (as in the case of monolayers 
on different substrates). To this end, similar compensation effects are also known to appear in 
conventional two-dimensional systems in the presence of excess charged carriers (see e.g., [90]) 
and/or for high density electron-hole systems (see e.g., [91]). Each time the band gap renormalization 
effects are concluded to be compensated by the decrease of the exciton binding energy. Whether all 
these “compensation effects” may or may not have a common explanation is perhaps another pertinent 
question. 
4. Zeeman spectroscopy of excitonic resonances in S-TMD monolayers 
 Investigation of excitonic resonances in the presence of an external magnetic field is 
a commonly exploited approach to get a deeper insight into the electronic properties of 
semiconducting materials. Recently, multiple experiments in the magneto-optical domain have been 
reported for S-TMD monolayers [13,92–97]. The primary effect reported in these works and further 
discussed here is the linear with the magnetic field B (applied in the direction across the layer), 
Zeeman-type splitting of optical transitions into two components observed in the 
σ+ and σ− configurations of circularly polarized light. This Zeeman splitting is conveniently 
parametrized in terms of the effective g-factor which accounts for the amplitude and sign of the energy 
difference between the σ+ and  σ− polarized components of a given optical transition [6,67,98]: ∆E =
E(σ+) −  E(σ−) = g μB B , where μB ≈  0.058 meV/T stands for the Bohr magneton. The effective 
g-factors of interband optical transitions are commonly assumed to reflect the relative g-factors 
characteristic of the respective conduction and valence band edges (at the K+ and K- points of the BZ 
in 1L S-TMDs), thus providing a trustworthy test of the band structure models [95]. It is worth to 
mention that all possible contributions to the Zeeman effects in 1L S-TMDs (i.e., due to spin, atomic 
orbitals and band carriers' motion) are not easy to be compiled into a single self-consistent theoretical 
model [6,95]. 
The understanding of Zeeman effects in S-TMD monolayers is rather poor. The observed 
excitonic g-factors remain controversial as they are not soundly accounted for by the band structure 
models which, in the ultimate case, imply even practically vanishing excitonic Zeeman effect, in strike 
contrast to the experimental data [95] (notably, the fact that the excitonic wave functions in 1L 
S-TMDs are spatially very localized [28,42] and therefore built of a broad spectrum of states in the 
momentum space, seems to be not relevant to weaken this controversy). The extremely large g-factors 
(up to g ≈ −15) of certain PL lines observed in 1L WSe2 (and WS2) [9] are by far surprising. Whereas 
the magneto-optical data indicate a rather large Zeeman effect for the upper valence subbands of 
S-TMD monolayers, the recent magneto-transport results on p-doped WSe2 monolayers [99], may, at 
very first sight, be seen as implying this Zeeman splitting to be rather small (inferior to the Landau 
level separation due to orbital effects). Here we present an attempt to elaborate, on the 
phenomenological level, a conceivable picture of linear in B shifts of the band edges in S-TMD 
monolayers, which accounts for the main experimental observations and enlighten the apparent 
controversy on Zeeman effects in these systems.  
The fundamental optical resonances in 1L S-TMDs are, within a simple model, associated 
with the interband transitions involving the edges of overall eight conduction and valence subbands, 
four degenerated at B = 0 pairs of subbands, see Fig. 6. To test the Zeeman effect for these subbands, 
we first note that simple time reversal symmetry arguments imply that: ∆Ec(v),↑(↓)
K+ (B) =
−∆Ec(v),↓(↑)
K− (B), where ∆E(B) is the linear with B energy shift of a conduction (c) or valence (v) band 
state with the spin up (↑) or spin down (↓) orientation at  the K+ or K- points of the BZ. Following the 
above set of four trivial conditions, the Zeeman effect for our eight electronic subbands can be 
parametrized with four parameters, the number of which can be, however, further reduced by taking 
into account the prominent experimental observations. One of the robust experimental results follows 
the comparison of the Zeeman patterns for the A and B excitonic resonances, observed in a number of 
magneto-absorption/reflectance measurements of 1L S-TMDs [13,97,100]. An example of such a 
measurement is shown in Fig. 6. It illustrates a typical effect of the applied magnetic field on the 
reflectance-contrast spectrum, represented here for a MoSe2 monolayer measured at low temperatures. 
The A and B excitonic resonances yield the pronounced spectral features; each of them splits into two 
σ+ and  σ− polarized components when the magnetic field is applied perpendicular to the layer plane, 
in the Faraday geometry (see the spectra measured at B=30T). Noteworthy is a weaker feature on the 
low energy side of the A resonance, which is assigned to the charged exciton resonance [24] and, as 
expected, observed only in one polarization configuration (σ+) at high magnetic fields., i.e., when all 
excess free carriers are fully spin/valley polarized. Returning to the main A and B excitonic 
resonances, we observe that the energy separation between their σ+ and  σ− components is linear with 
the strength of the magnetic field and according to our convention this excitonic Zeeman effect is 
characterized by negative g-factors (σ− components appear at higher energies than their σ+ 
counterparts). Most important for our further analysis is the experimental fact that both A and B 
resonances display practically identical g-factors. As summarized in Table 2, this experimental rule 
applies to most of S-TMD monolayers (the case of 1L MoTe2 is a possible exception). When accepting 
the rule of identical g-factors for A and B excitons in a given 1L S-TMD we impose an additional 
condition on the Zeeman shifts of our conduction and valence band subbands: Ec,↑
K±(B) − Ev,↑
K±(B) =
Ec,↓
K±(B) − Ev,↓
K±(B). Taking this condition into account, the Zeeman shifts of the eight subbands can be 
described with just three parameters which, generally speaking, can be chosen in different ways, but 
one of them has a rather transparent physical interpretation. Following the latter choice, we express the 
Zeeman shifts of all eight CB and VB subbands in terms of parameters: E𝑑2, ES, and EV as:  
{
 
 
 
 ∆Ec,↑
K±(B) = ±EV + ES
∆Ec,↓
K±(B) = ±EV − ES
∆Ev,↑
K±(B) = ±EV + ES ± E𝑑2
∆Ev,↓
K±(B) = ±EV − ES ± E𝑑2
 
The E𝑑2 term appears only for the VB subbands imposing their valley-selective Zeeman shifts,  ±E𝑑2 
for the K± subbands. The ES term is spin-selective and results in +ES, −ES Zeeman shifts for the spin 
up and the spin down subband, respectively. Finally, the valley term shifts all (CB and VB) K+ 
subbands by the same value  EV and all K
- subbands by −ES. The above phenomenological 
parametrization stems from general knowledge [93,96] that the Zeeman shifts for fundamental CB and 
VB subbands of a 1L S-TMD might be composed of three possible contributions: due to the orbital 
effects at the atomic level (E𝑑2, indeed expected for VB states built of d2 orbitals and not for CB states 
built of d0 orbitals), due to the genuine electronic spins (ES), and due to possible different orbital 
motion of carriers in the K+ and K- bands with the opposite chiralities (valley term EV). Arguments 
have been put forward [93] that all three parameters: Ed2, ES, and EV should be positive and such an 
assumption is kept in the following analysis. A pictorial representation of the way they alter the energy 
of states of a S-TMD monolayer in a magnetic field is given in Fig. 7. We believe that the scheme of 
Zeeman effects follows the same set of equations for all S-TMD monolayers. It is then important to 
note that, as depicted in Fig. 7, the scheme of Zeeman effects with respect to the lower and upper CB 
subbands is different for the two types of previously introduced, bright and darkish monolayers 
[10,11,38]. 
In the attempt to estimate the amplitude of the Zeeman effects in S-TMD monolayers (i.e., to 
estimate the amplitude of each E𝑑2, ES, EV terms), we first assume that the spin term for the electrons 
in S-TMD monolayers is the same as for a free electron in vacuum [93], namely: ES = 1μBB. Next, we 
refer to the magneto-optical studies and note (see Fig. 7) that the Zeeman splitting of any optically 
active interband transition within our eight CB and CV subbands is expected to be solely given by the 
orbital term Ed2 (the ES and EV terms cancel each other for optically allowed transitions which 
conserve the spin as well as the valley index/pseudospin).  The E𝑑2 term can be therefore estimated 
from the magneto-reflectance measurements of the A and B exciton resonances as  gXA
0μBB =
gXA
0μBB = −2E𝑑2 where  gXA
0 ≈ −4 and  gXA
0 ≈ −4 stand for the approximate amplitude of the 
g-factors, correspondingly for the A and B excitons, most commonly reported in the literature (see 
[93,95,96] and Table 2).  To estimate the third missing parameter we refer to the recent magneto-
transport experiments reported for p-type WSe2 monolayers [99]. These experiments have been 
performed on relatively highly doped samples, though still with the Fermi energy located within the 
upper valence band subbands, and in the range of magnetic fields when many Landau levels remain 
populated (Landau level filling factors, v > 4). The measured Shubnikov de Haas (SdH) oscillations at 
low magnetic fields, consistent with the Hall voltage measurements, show the persistence of doubly 
degenerated Landau levels at low magnetic fields and lifting of this degeneracy only in the limit of 
high magnetic fields. As already mentioned, this result, reminding a typical observations for a 2DEG 
in GaAs structure, could, at a very first sight, point out a rather small Zeeman splitting (∆EZ) for holes 
in 1L WSe2, i.e., smaller than the separation between Landau levels (cyclotron energy, h̃ωC). The 
reported SdH oscillations [99] probe, however, LLs with high indices and the conclusions drawn from 
the magneto-transport data may also be valid under different conditions, i.e., when ∆EZ ≈ N h̃ωC 
where N is not only zero but could be a small even integer (N = 2 or N = 4) as well. In view of our 
previous discussion,  ∆EZ = 2 (ES + E𝑑2 + EV) ≈ 2(μBB + 2μBB + EV) is rather big, thus, if the EV 
term is not anomalously large, one should expect that the condition ∆EZ ≈ 2 h̃ωC holds for holes in 1L 
WSe2. Finally, we derive ∆EZ ≈ 9 μBB and EV ≈ 1.5μBB, using the effective mass of holes m
∗ =
0.45me and come up with the final estimation of  Ev ≈ 1.5μBB, Es ≈ 1μBB and E𝑑2 ≈ 2μBB for a 1L 
WSe2 but believe that pretty similar values of these parameters can be applied to other 1L TMDs as 
well. 
The investigations of the magneto-PL spectra provide an additional test for the proposed 
scheme of Zeeman effects in S-TMD monolayers. These spectra, we believe, are markedly different 
for bright and darkish S-TMD monolayers, in contrast to quantitatively similar Zeeman patterns of 
excitonic resonances in these two types of systems, observed in absorption/reflectance measurements. 
Fig. 8 illustrates the σ+/ σ− polarization-resolved magneto-PL spectra of two representative MoSe2 
and WSe2 monolayers. The MoSe2 monolayer, expected to be the optically bright system, exhibits a 
quite conventional magnetic field evolution of its PL spectra. The two observed emission lines due to 
recombination of the neutral and charged exciton split in magnetic field yielding the g-factors equal to 
about −4, similarly to their counterparts observed in magneto-reflectance spectra. As already 
discussed in the previous sections, the PL spectra of the WSe2 monolayer are much more complex and 
moreover show an intriguing evolution with the magnetic field. Although the neutral exciton (XA
0) 
emission line can be well recognized in these spectra and undergoes the expected Zeeman splitting 
(g ≈ −4), there is also a multitude of emission peaks which appear on the low energy side of the XA
0 
line and display quite striking evolution with the magnetic field: the g-factors associated with these 
emission peaks vary from g = −4 up to g = −15. As already mentioned, we speculate that numerous 
emission peaks appearing in optically darkish systems, such as the WSe2 monolayer, may be due to 
recombination of dark excitons, allowed by disorder or phonon-assisted processes. As illustrated in 
Fig. 9, the imaginable recombination processes which violate the k-vector or spin selection rules 
would, in accordance with the proposed scheme of the Zeeman effect in S-TMD monolayers, result in 
anomalously large g-factors for the emission lines in darkish systems. 
To summarize this section, we conclude that the application of magnetic field represents a 
relevant test for the band structure models of S-TMD materials and that the magneto-optical data are 
in support of our conjecture of the appearance of two distinct, optically bright and darkish S-TMD 
monolayers. Obviously, more works are needed to confirm our conclusions on a more quantitative 
level.    
5. Optical orientation of valley pseudospin in S-TMD monolayers 
Interband excitation of a semiconductor brings in a  possibility to transfer the angular 
momentum of circularly polarized photons to photoexcited carriers, to create a non-equilibrium 
orientation of their spins and, eventually, to examine the conservation of this orientation in the crystal 
by probing the polarization degree 𝑃 of the emitted light. When the excitation light is 𝜎+ (𝜎−) 
polarized, 𝑃 is defined as: 
𝑃 =
𝐼(𝜎+(−)) − 𝐼(𝜎−(+))
𝐼(𝜎+) + 𝐼(𝜎−)
 
where 𝐼(𝜎+(−)) denotes the intensity of the 𝜎+ (𝜎−) polarized component of the emitted light (PL 
signal). Optical orientation studies have been widely explored in zinc-blende semiconductors with 
respect to the angular momentum of electronic spins [101,102]. Such studies are of vivid interest in 
monolayers of S-TMDs [20,67,68,98,103–106], in which the circular polarization of light (σ±) is 
coupled to the valley degree of freedom (pseudospin) (K±). The expected robustness of the valley 
pseudospin [66], together with the possibility of its optical orientation at room temperature [107,108] 
are promising for designing opto-valleytronic devices.  
Two examples of the results of optical orientation experiments performed, at liquid helium 
temperature, on monolayers of WSe2 (left panel) and of WS2 (right panel) are shown in Fig. 10. As 
discussed in the previous sections, the spectra of these monolayers are rather complex and apart from 
the common features due to neutral (XA
0
0) and charged (X±) excitons they display also a series of 
intense emission lines at lower energies, which are commonly assigned in literature to localized 
excitons and are here speculated to imply the recombination of dark excitons.  
The polarization degree 𝑃 is presented in both panels of Fig. 10, as a black curve. 𝑃 displays a 
clear dependence on the emission energy and can be as large as 50% in the high energy part of the PL 
spectra. Notably, the polarization degree is non-zero also in the energy range of the so-called localized 
exciton emission. The results presented in Fig. 10, as well as many other reported previously in 
literature [20,67], show that the photo-excited S-TMD monolayers (WSe2, MoS2, as well as MoS2) 
conserve the information on polarization, and that the population of photo-excited carriers in a given 
valley can be efficiently initialized. Such experiments established S-TMDs as a possible platform for 
opto-valleytronic devices and led to the observation of valley coherence [98,109]. Importantly, the 
optical orientation in some, e.g., MoS2 [20,67], S-TMD monolayers remains efficient even at room 
temperature.  It is worth noting that the degree of polarization also strongly depends on the excitation 
laser energy and a significant decrease in the efficiency of the optical orientation has been observed 
when increasing the excitation laser energy away from the emission energy range [107]. Exciting 
carriers at higher energies may induce significant losses in the polarization degree either due to less 
efficient injection of valley-polarized carriers or due to more efficient inter-valley scattering during the 
carrier relaxation processes.  
 Whereas more or less efficient optical orientation is easily observed for WSe2, WS2 and MoS2 
monolayers [20,67,68], the polarization memory effects are practically absent in MoSe2 and MoTe2 
monolayers [110,111]. This is somewhat surprising as the overall band structure of all these 
monolayers is pretty similar. Elucidating this problem is of relevant interest for our understanding of 
the electronic properties of S-TMD materials. It should find its explanation either in the details of the 
band structure and/or in a qualitatively distinct for different monolayers, efficiency of the inter-valley 
scattering processes [82]. 
The hypothesis which we put forward here is that the optical orientation is effective in darkish 
but not efficient in bright S-TMD monolayers (following the arguments invoked in previous sections, 
we classify the 1L MoS2 as a darkish system). As discussed below, a number of experimental 
observations can be explained in this frame, notably, when taking into account the efficient channel of 
the disorientation of the valley pseudospin in S-TMD monolayers, which is due to the strong, electron-
hole exchange interaction [82,112–115] within the optically active excitonic states [32,82]. In bright 
monolayers the optically active excitonic states are the ground states, thus they are most populated 
(long lived) under the optical excitation, in favor of the efficient intervalley scattering.  In contrast, the 
lifetime of optically active excitons in darkish monolayers can be rather short (as they are the excited 
exciton states in these systems), i.e., shorter that the inter-valley relaxation time, thus accounting for 
the efficient optical orientation in these systems. If the above qualitative arguments hold, the bright 
monolayers should also exhibit the optical orientation effects, but likely on a very short time scale. 
The recombination process in S-TMD monolayers are known to be fast [107], and it is only recently 
that the study of the dynamics of the photo-excited carriers in S-TMD monolayers has become 
available on short, sub-picosecond time scale, by implementing the four-wave mixing micro-
spectroscopy [14,109]. Such experiments have been performed on MoSe2 monolayers and indeed 
show the non-zero initial degree of polarization in this bright monolayer but at the same time a rapid 
loss of the polarization memory on ~1 ps time scale, see Fig. 11. In favor of our hypothesis is also the 
observation of a significant decrease of the polarization degree when using an excitation resonant with 
the low-energy exciton of a 1L WS2. This effect is presented in Fig. 12, which illustrates the evolution 
of the degree of polarization in 1L WS2 when sweeping the excitation laser energy through the neutral 
exciton energy. A pronounced decrease of the degree of polarization is observed when exciting 
resonantly into this optically active excitonic state. This observation is in line with the efficient 
depolarization mechanism acting at the level of the bright exciton. The resonant excitation into bright 
exciton states likely enhances their population with respect to lower energy dark states, thus enhancing 
the efficiency of inter valley scattering. 
Finally, we note that the degree of optical orientation in WSe2 monolayers has been recently 
reported to be significantly increased by the application of tiny magnetic fields [12]. This effect is 
illustrated Fig. 13. The application of as small magnetic field as 100 mT across the 2D layer is indeed 
sufficient to enhance the polarization degree of the PL spectra by a factor of more than two. The 
measured photoluminescence spectra in the absence and in the presence of magnetic field are shown in 
the left panel of Fig. 13, and the polarization degree as a function of the magnetic field, in the mT 
range is displayed in the right panel of this figure. Similar effects are observed for WS2, but not for 
MoSe2 monolayers [116]. Arguments have been put forward [12] that tuning the efficiency of optical 
orientation is possible in darkish but not in bright S-TMD monolayers. The application of a small 
magnetic field can only alter the weak inter-valley scattering process within dark excitons states 
because of the expected large Zeeman splitting of these states. 
To conclude this section, we believe to have presented convincing experimental arguments 
that optical orientation of the valley pseudospin is effective in darkish monolayers but it is much less 
efficient in bright S-TMD monolayers. 
6. Single photon emitters in S-TMDs and h-BN structures  
In addition to a variety of intriguing and not yet fully understood properties discussed so far, 
the optical response of selected thin-layer members of the S-TMD family has been recently shown to 
exhibit narrow emission lines. These lines, with the ultimate full width at half maximum, FWHM, 
smaller than 100 μeV, appear at the selected locations on S-TMD flakes, in the energy range below the 
PL signal from 2D excitons in monolayer films [9,69–72,117–124], which rise much broader, a few 
meVs wide, emission peaks. The most extensive experimental work has been done till now in this 
respect on WSe2 [9,69–72,117–123]. Much less abundant but equally convincing data has been 
presented also for WS2 [121,122]. In the case of MoSe2 [124], some key findings are still missing to 
firmly conclude that narrow emission lines observed on this material are of exactly the same type as in 
WSe2 and WS2, even though all the results obtained up to now support such a statement. For MoS2 and 
MoTe2, the literature lacks any reports demonstrating the existence of narrow emission lines in their 
optical response. 
The narrow emission lines observed on WSe2 have been unequivocally proven to originate 
from centers possessing a characteristic attribute of single-photon sources. Indeed, these PL lines show 
a prominent photon antibunching in the second-order autocorrelation function g2() at zero delay time 
() between photon counts in the two arms of the Hanbury Brown and Twiss interferometer. An 
example of such a result is illustrated in Fig. 14. It shows a low-temperature PL spectrum of a selected 
narrow-line-emitting center (NLEC) located at the edge of about 8 nm thick WSe2 flake in the upper 
panel and the photon autocorrelation measurements done on one of the most intense narrow lines in 
that spectrum in the bottom panel. All NLECs reported in the literature for WSe2 display similar 
lifetimes of the emitting state, which vary from a few hundreds of picoseconds up to a few 
nanoseconds as deduced from the coincidence time for photon antibunching and independently 
confirmed by time-resolved PL measurements [70,71]. An enhancement of the excited state's lifetime 
by one to two orders of magnitude with respect to the low-temperature lifetime of free excitons in 
monolayer WSe2 is indicative of the 3D quantum confinement [72]. The quantum nature of NLECs 
found in this material is also highlighted by a characteristic saturation of their emission intensity at 
high excitation power, similar to that known from the physics of two-level systems [70,72,117]. The 
typical emission energies of NLECs fall in the range of 20 to 200 meV below the PL of delocalized 
2D excitons in monolayer WSe2, and overlap with a broad emission band usually ascribed to 
bound/localized excitons. This suggests that optical properties of NLECs are inherently linked to those 
of the 2D monolayer. Further support for such a statement is provided by photoluminescence 
excitation data [9] and the results of polarization-resolved magneto-PL measurements [9,70–72]. The 
latter studies unveil a similar, anomalously large Zeeman effect (g-factor amplitudes ranging from ~8 
to ~13) for both the narrow emission lines and the 2D localize/bound excitons. 
The origin and structural characteristics of the NLECs in WSe2 still remain a matter of debate. 
In samples prepared by means of mechanical exfoliation of bulk crystals, the NLECs occur either at 
the flake's edges (including interfaces between parts of composite flakes) [9,69,71,72] or in the close 
vicinity of structural defects in the form of wrinkles, folds, or bubbles of air trapped between the flake 
and the substrate [117]. The former possibility is not restricted to flakes of any particular thickness, 
while the latter one applies only to flakes composed of one or two WSe2 layers [117,121]. In the case 
of monolayers grown by chemical methods [70], only the air bubbles caused by locally weak adhesion 
of the flake to the substrate play an important role for the NLECs' formation. For each of the two 
groups of crystal imperfections described above, the appearance of the resulting NLECs seems to be 
different. The edge- and interface-related NLECs are rather expected to have the form of nano-sized 
pieces of WSe2 monolayer as the one shown in Fig. 15, with STM (scanning tunneling microscopy) 
measurements done on the perimeter of a few-layer-thick WSe2 flake transferred on top of graphene 
grown on SiC substrate. Instead, the NLECs associated with wrinkles, folds, and air bubbles are 
considered to originate from strain-induced localization of 2D excitons. In either case the NLECs can 
be thought of as quantum dots (QDs) with quite shallow confinement barriers of about 1.5-2.5 meV 
[9,72] as deduced from temperature evolution of the narrow line emissions which typically disappear 
from the PL spectrum above 20-30 K. The way the narrow emission lines broaden with increasing the 
temperature resembles the acoustic phonon broadening observed for single QDs in conventional 
semiconductors [9]. The QD-like picture of the NLECs in WSe2 is also supported by zero-field 
splitting (0.4-1 meV) of their emission lines into two components of nearly orthogonal linear 
polarizations and comparable intensities [70–72,117–120]. This is similar to the fine structure splitting 
of the neutral exciton emission in conventional QDs (which is due to the QD shape anisotropy and the 
electron-hole exchange interaction). Last but not least, the QD scenario for the NLECs sounds 
plausible because of very recent demonstration of their capability to emit single photons in a 
sequential manner due to the biexciton-exciton recombination cascade [120]. This prominent result is 
presented in Fig. 16. It shows a pair of polarization-resolved PL spectra comprising two doublets of 
narrow emission lines that come from the recombination of a biexciton (lines P1 and P3) and exciton 
(lines P2 and P4), respectively, as well as the photon cross-correlation measurements performed 
between the lines P1 and P2 under both pulsed (main graph in panel (b)) and continuous-wave (inset 
to the main graph) excitation. A clear bunching effect observed at zero delay time in the histogram of 
photons emitted under pulsed excitation and a characteristic transition from an anti-bunching for 
negative delay times to bunching at small positive delay times seen in the continuous-wave 
measurements prove that the biexciton and exciton recombination form a cascade. 
Despite all the experimental observations listed above, the NLECs in WSe2 are far from being 
well-understood and well-controllable objects. They still require deeper structural characterization that 
would tell us more about their origin and properties. The possibilities of creating them on demand by 
scratching the host monolayer with a microscope tip [69] or by strain engineering [117,122,123], as 
well as of filling them with charge carriers not only by optical but also electrical means [118,119,121] 
look very promising from the point of view of their potential applications in future optoelectronic 
devices. First, however, the threshold temperature for disappearance of the NLECs has to be moved 
well beyond the present 20-30 K limit by elaborating the methods to deepen their localization 
potential. 
As already mentioned, the available experimental data on about NLECs in WS2 is not as 
abundant as for WSe2. Even though locating such objects in the flakes prepared by means of 
mechanical exfoliation does not appear to be a particularly difficult task, no deeper analysis of NLECs 
in WS2 based on PL spectra like the one shown in Fig. 17(A) has been published so far [122]. The 
emission of narrow lines in this material has been, however, observed in electro-luminescence (EL) 
experiments [121] and indeed shown to display the character of quantum emitters. The elaboration of 
their properties including in particular a structural characterization and a study as a function of the 
magnetic field and temperature still remains to be done. 
Whereas NLECs in WS2 were revealed with EL experiments, numerous facts about the QD-
like emission occurring in the low-temperature PL spectra of monolayer MoSe2 have been established 
so far [124]. Similarly to the case of WSe2, the narrow emission lines in MoSe2 (FWHM ranging from 
150 to 400 μeV) appear at energies below the PL due to 2D excitons (neutral and charged). A majority 
of them does not display any measurable zero field splitting although it is possible to find NLECs 
whose emission lines are split at 0 T by as much as 0.8 meV. When applying the magnetic field , the 
emission lines due to NLECs exhibits the same Zeeman effect as the emission related to delocalized 
2D excitons in the monolayer, with identical sign and similar amplitudes of the g-factors equal to 
about -4 in either case. Finally, in full agreement with WSe2, the NLECs in monolayer MoSe2 emerge 
in the vicinity of defects in the form of wrinkles or folds, which means that an important role in their 
formation is played by strain-induced potential wells. The assignment of their quantum-emitter 
character (with photon correlation measurements) is, however, still missing. Problems with acquiring 
such data most probably stem from the fact that, as shown in Fig. 17(B), unlike WSe2 and WS2, the 
narrow emission lines in the PL spectrum of MoSe2 appear to be rather closely spaced what makes it 
difficult to select from them just a single line. A possible way to overcome this obstacle could be to 
deliberately apply a significant strain to the MoSe2 flakes, within the spirit of such a method 
successfully employed to better select the NLECs in WSe2 [117,122,123] and WS2 [122]. 
Recently, a rich family of bright quantum emitters has also been discovered in hexagonal 
boron nitride (h-BN) [125–133], an insulating material with a band gap of about 6 eV that nowadays 
plays an important role in the field of graphene- and S-TMD-based van der Waals heterostructures, 
mostly serving as thin tunneling barriers in light-emitting diodes (see e.g., Refs [118], [119], and 
[121]) or as protective films for encapsulation of flakes that are particularly sensitive to environmental 
conditions like thin layers of NbSe2 and other representatives of metallic subfamily of TMD 
compounds. The excitement about these single-photon sources that has emerged in the community of 
solid state physicists and engineers results from three main observations. First of all, they are capable 
of sustaining their quantum character (see Fig. 18) up to room temperature, which from the application 
point of view gives them a substantial advantage over the NLECs in S-TMDs. Secondly, their 
emission energy range covers both the visible [125,126,128–133] and UV [127] part of the 
electromagnetic spectrum. Finally, they seem to be present in all currently available forms of h-BN i.e. 
bulk single crystals, micrometer- and submicrometer-sized powder, as well as exfoliated and CVD-
grown mono- and multilayers. Moreover, the NLECs in h-BN structures are characterized by high 
chemical resistance against such aggressive agents as hydrogen, oxygen, or ammonia and offer a 
possibility of creating them on demand by annealing, electron-beam irradiation, helium or nitrogen ion 
bombardment and wet-etching of host h-BN crystals [127,128,132].  
The nature of NLECs in h-BN must be very much different from that of centers giving rise to 
single-photon emission in S-TMDs. Most importantly, they have nothing to do with recombination of 
band excitons as the energy range in which they emit and can be excited falls well below the band gap 
of h-BN. It means that similarly to colored centers in diamond, SiC or ZnO, the NLECs in h-BN 
originate from localized crystal structure imperfections like, e.g. nitrogen and boron vacancies, NBVN 
defects created by nitrogen atoms, which move from their default sites to the neighboring boron sites 
and leave the former ones unoccupied, or carbon atoms incorporated into the crystal lattice at nitrogen 
sites during the growth process. There is no doubt that different narrow emission lines observed in the 
PL spectra of h-BN excited at below-band gap energies correspond to different structural 
imperfections. Their precise assignment to particular point defects is now the key challenge to be 
faced in order to deeply understand their origin and to be able to generate them in a controllable and 
reproducible way. 
7. Conclusions 
To summarize, we have reviewed a number of topics in the domain of optical and electronic 
properties of semiconducting transition metal dichalcogenides (S-TMDs). These topics follow a series 
of our recent studies which have been discussed in the context of a worldwide abounded research 
activity in the area of 2D TMD materials. Largely discussed here, and the most studied systems so far, 
are the S-TMD monolayers. Although all MoS2, MoSe2, WSe2, WS2, and MoTe2 monolayers are 
known to be efficient light emitters and  direct band gap 2D semiconductors, we believe that two 
quantitatively different classes of S-TMD monolayers,  referred here to as bright and darkish, should 
be necessarily distinguished. These two type of monolayers display distinct alignment of the spin-orbit 
split subbands in the conduction band, and we argue that this fact is of particular importance when 
interpreting an often striking optical response of these systems. The role of non-radiative, e.g., Auger 
type processes, and/or kinetics of photo-excited carriers in TMDs is another issue to be explored 
[134,135]. In the course of our review, the considerable emphasis has been put on surprising 
observations which include those related to the appearance of quantum emitters in S-TMD structures 
and in another layered material - h-BN.  
To this end we are convinced that research on thin layers of S-TMDs will be a blooming field of 
science in the future and that the applications of these systems will follow the pertinent research 
efforts. Among possible future studies are those more focused on gated structures, with a view to 
gaining better understanding of the optical (and magneto-optical) response of S-TMD monolayers in 
the presence of free carriers (with a controlled density). Another relevant direction are perhaps the 
investigations of monolayers under intense optical excitation and/or in optical cavities in search for the 
effects of interactions (e.g., exciton polaritons, many-body effects at high densities of electron-hole 
pairs) and for an efficient laser action in S-TMD materials. Largely unexplored so far are the S-TMD 
multilayers which may be interesting as well, for instance with respect to the observation of indirect 
excitons and their possible collective states. One could further speculate about many other possible 
directions in the research on S-TMD structures, but as it is often the case for a new and dynamically 
developing research field, these directions may be drastically changed with unexpected discoveries of 
completely new effects. 
 
Acknowledgements 
We thank D. Basko, V. I. Fal'ko, M. Orlita, P. Kossacki, J. Binder, T. Kazimierczuk, and T. Smoleński 
for helpful discussions. This work has been supported by the European Research Council (MOMB 
project no. 320590), the EC Graphene Flagship project (no. 604391), and the National Science Center 
(grant no. DEC-2013/10/M/ST3/00791), and has profited from the access to the Nanofab facility of the 
Institut Néel, CNRS UGA.  
References 
[1] Mak KF, Lee C, Hone J, Shan J, Heinz TF. Atomically Thin MoS2: A New Direct-Gap 
Semiconductor. Phys Rev Lett 2010;105:136805. 
[2] Splendiani A, Sun L, Zhang Y, Li T, Kim J, Chim CY, Galli G, Wang F. Emerging 
photoluminescence in monolayer MoS2. Nano Lett 2010;10:1271–1275. 
[3] Wang QH, Kalantar-Zadeh K, Kis A, Coleman JN, Strano MS. Electronics and optoelectronics 
of two-dimensional transition metal dichalcogenides. Nat Nanotechnol 2012;7:699–712. 
[4] Butler SZ, Hollen SM, Cao L, Cui Y, Gupta JA, Gutiérrez HR, Heinz TF, Hong SS, Huang J, 
Ismach AF, Johnston-Halperin E, Kuno M, et al. Progress, Challenges, and Opportunities in 
Two-Dimensional Materials Beyond Graphene. ACS Nano 2013;7:2898–2926. 
[5] Eda G, Maier SA. Two-dimensional crystals: Managing light for optoelectronics. ACS Nano 
2013;7:5660–5665. 
[6] Liu G, Xiao D, Yao Y, Xu X, Yao W. Electronic structures and theoretical modelling of two-
dimensional group-VIB transition metal dichalcogenides. Chem Soc Rev 2015;44:2643–2663. 
[7] Novoselov KS, Fal′ko VI, Colombo L, Gellert PR, Schwab MG, Kim K. A roadmap for 
graphene. Nature 2012;490:192–200. 
[8] Lezama IG, Arora A, Ubaldini A, Barreteau C, Giannini E, Potemski M, Morpurgo AF. 
Indirect-to-Direct Band Gap Crossover in Few-Layer MoTe2. Nano Lett 2015;15:2336–2342. 
[9] Koperski M, Nogajewski K, Arora A, Cherkez V, Mallet P, Veuillen J-Y, Marcus J, Kossacki 
P, Potemski M. Single photon emitters in exfoliated WSe2 structures. Nat Nanotechnol 
2015;10:503–506. 
[10] Arora A, Koperski M, Nogajewski K, Marcus J, Faugeras C, Potemski M. Excitonic 
resonances in thin films of WSe2 : from monolayer to bulk material. Nanoscale 2015;7:10421–
10429. 
[11] Arora A, Nogajewski K, Molas M, Koperski M, Potemski M. Exciton band structure in layered 
MoSe2 : from a monolayer to the bulk limit. Nanoscale 2015;7:20769–20775. 
[12] Smoleński T, Goryca M, Koperski M, Faugeras C, Kazimierczuk T, Bogucki A, Nogajewski K, 
Kossacki P, Potemski M. Tuning Valley Polarization in a WSe2 Monolayer with a Tiny 
Magnetic Field. Phys Rev X 2016;6:21024. 
[13] Arora A, Schmidt R, Schneider R, Molas MR, Breslavetz I, Potemski M, Bratschitsch R. 
Valley Zeeman Splitting and Valley Polarization of Neutral and Charged Excitons in 
Monolayer MoTe2 at High Magnetic Fields. Nano Lett 2016;16:3624–3629. 
[14] Jakubczyk T, Delmonte V, Koperski M, Nogajewski K, Faugeras C, Langbein W, Potemski M, 
Kasprzak J. Radiatively Limited Dephasing and Exciton Dynamics in MoSe2 Monolayers 
Revealed with Four-Wave Mixing Microscopy. Nano Lett 2016;16:5333–5339. 
[15] Wilson JA, Yoffe AD. The transition metal dichalcogenides discussion and interpretation of the 
observed optical, electrical and structural properties. Adv Phys 1969;18:193–335. 
[16] Zhu ZY, Cheng YC, Schwingenschlögl U. Giant spin-orbit-induced spin splitting in two-
dimensional transition-metal dichalcogenide semiconductors. Phys Rev B - Condens Matter 
Mater Phys 2011;84:1–5. 
[17] Kuc A, Zibouche N, Heine T. Influence of quantum confinement on the electronic structure of 
the transition metal sulfide TS2. Phys Rev B 2011;83:245213. 
[18] Kumar A, Ahluwalia PK. Electronic structure of transition metal dichalcogenides monolayers 
1H-MX2 (M = Mo, W; X = S, Se, Te) from ab-initio theory: new direct band gap 
semiconductors. Eur Phys J B 2012;85:186. 
[19] Cheiwchanchamnangij T, Lambrecht WRL. Quasiparticle band structure calculation of 
monolayer, bilayer, and bulk MoS2. Phys Rev B 2012;85:205302. 
[20] Mak KF, He K, Shan J, Heinz TF. Control of valley polarization in monolayer MoS2 by optical 
helicity. Nat Nanotechnol 2012;7:494–498. 
[21] Zeng H, Liu G-B, Dai J, Yan Y, Zhu B, He R, Xie L, Xu S, Chen X, Yao W, Cui X. Optical 
signature of symmetry variations and spin-valley coupling in atomically thin tungsten 
dichalcogenides. Sci Rep 2013;3:1608. 
[22] Sundaram RS, Engel M, Lombardo A, Krupke R, Ferrari AC, Avouris P, Steiner M. 
Electroluminescence in Single Layer MoS2. Nano Lett 2013;13:1416–1421. 
[23] Zhao W, Ghorannevis Z, Chu L, Toh M, Kloc C, Tan PH, Eda G. Evolution of electronic 
structure in atomically thin sheets of WS2 and WSe2. ACS Nano 2013;7:791–797. 
[24] Ross JS, Wu S, Yu H, Ghimire NJ, Jones AM, Aivazian G, Yan J, Mandrus DG, Xiao D, Yao 
W, Xu X. Electrical control of neutral and charged excitons in a monolayer semiconductor. Nat 
Commun 2013;4:1474. 
[25] Zhang Y, Chang T-R, Zhou B, Cui Y-T, Yan H, Liu Z, Schmitt F, Lee J, Moore R, Chen Y, 
Lin H, Jeng H-T, et al. Direct observation of the transition from indirect to direct bandgap in 
atomically thin epitaxial MoSe2. Nat Nanotechnol 2013;9:111–115. 
[26] Kumar N, He J, He D, Wang Y, Zhao H. Valley and spin dynamics in MoSe2 two-dimensional 
crystals. Nanoscale 2014;6:12690–5. 
[27] Kozawa D, Kumar R, Carvalho A, Kumar Amara K, Zhao W, Wang S, Toh M, Ribeiro RM, 
Castro Neto  a H, Matsuda K, Eda G. Photocarrier relaxation pathway in two-dimensional 
semiconducting transition metal dichalcogenides. Nat Commun 2014;5:4543. 
[28] Chernikov A, Berkelbach TC, Hill HM, Rigosi A, Li Y, Aslan OB, Reichman DR, Hybertsen 
MS, Heinz TF. Exciton Binding Energy and Nonhydrogenic Rydberg Series in Monolayer 
WS2. Phys Rev Lett 2014;113:76802. 
[29] Ye Z, Cao T, O’Brien K, Zhu H, Yin X, Wang Y, Louie SG, Zhang X. Probing excitonic dark 
states in single-layer tungsten disulphide. Nature 2014;513:214–218. 
[30] Riley JM, Mazzola F, Dendzik M, Michiardi M, Takayama T, Bawden L, Granerød C, 
Leandersson M, Balasubramanian T, Hoesch M, Kim TK, Takagi H, et al. Direct observation 
of spin-polarized bulk bands in an inversion-symmetric semiconductor. Nat Phys 2014;10:835–
839. 
[31] Baugher BWH, Churchill HOH, Yang Y, Jarillo-Herrero P. Optoelectronic devices based on 
electrically tunable p–n diodes in a monolayer dichalcogenide. Nat Nanotechnol 2014;9:262–
267. 
[32] Kormányos A, Burkard G, Gmitra M, Fabian J, Zólyomi V, Drummond ND, Fal’ko V. k · p 
theory for two-dimensional transition metal dichalcogenide semiconductors. 2D Mater 
2015;2:22001. 
[33] Zhu B, Chen X, Cui X. Exciton Binding Energy of Monolayer WS2. Sci Rep 2015;5:9218. 
[34] Liu G-B, Shan W-Y, Yao Y, Yao W, Xiao D. Three-band tight-binding model for monolayers 
of group-VIB transition metal dichalcogenides. Phys Rev B 2013;88:85433. 
[35] Klots AR, Newaz AKM, Wang B, Prasai D, Krzyzanowska H, Lin J, Caudel D, Ghimire NJ, 
Yan J, Ivanov BL, Velizhanin KA, Burger A, et al. Probing excitonic states in suspended two-
dimensional semiconductors by photocurrent spectroscopy. Sci Rep 2014;4:6608. 
[36] Kośmider K, González JW, Fernández-Rossier J. Large spin splitting in the conduction band of 
transition metal dichalcogenide monolayers. Phys Rev B 2013;88:245436. 
[37] Wang G, Robert C, Suslu A, Chen B, Yang S, Alamdari S, Gerber IC, Amand T, Marie X, 
Tongay S, Urbaszek B. Spin-orbit engineering in transition metal dichalcogenide alloy 
monolayers. Nat Commun 2015;6:10110. 
[38] Zhang X-X, You Y, Zhao SYF, Heinz TF. Experimental Evidence for Dark Excitons in 
Monolayer WSe2. Phys Rev Lett 2015;115:257403. 
[39] Withers F, Del Pozo-Zamudio O, Schwarz S, Dufferwiel S, Walker PM, Godde T, Rooney AP, 
Gholinia A, Woods CR, Blake P, Haigh SJ, Watanabe K, et al. WSe2 Light-Emitting Tunneling 
Transistors with Enhanced Brightness at Room Temperature. Nano Lett 2015;15:8223–8228. 
[40] Ramasubramaniam A. Large excitonic effects in monolayers of molybdenum and tungsten 
dichalcogenides. Phys Rev B 2012;86:115409. 
[41] Qiu DY, da Jornada FH, Louie SG. Optical Spectrum of MoS2: Many-Body Effects and 
Diversity of Exciton States. Phys Rev Lett 2013;111:216805. 
[42] He K, Kumar N, Zhao L, Wang Z, Mak KF, Zhao H, Shan J. Tightly Bound Excitons in 
Monolayer WSe2. Phys Rev Lett 2014;113:26803. 
[43] Ugeda MM, Bradley AJ, Shi S-F, da Jornada FH, Zhang Y, Qiu DY, Ruan W, Mo S-K, 
Hussain Z, Shen Z-X, Wang F, Louie SG, et al. Giant bandgap renormalization and excitonic 
effects in a monolayer transition metal dichalcogenide semiconductor. Nat Mater 
2014;13:1091–1095. 
[44] Hill HM, Rigosi AF, Roquelet C, Chernikov A, Berkelbach TC, Reichman DR, Hybertsen MS, 
Brus LE, Heinz TF. Observation of Excitonic Rydberg States in Monolayer MoS2 and WS2 by 
Photoluminescence Excitation Spectroscopy. Nano Lett 2015;15:2992–2997. 
[45] Chernikov A, van der Zande AM, Hill HM, Rigosi AF, Velauthapillai A, Hone J, Heinz TF. 
Electrical Tuning of Exciton Binding Energies in Monolayer WS2. Phys Rev Lett 
2015;115:126802. 
[46] Molina-Sánchez A, Sangalli D, Hummer K, Marini A, Wirtz L. Effect of spin-orbit interaction 
on the optical spectra of single-layer, double-layer, and bulk MoS2. Phys Rev B 
2013;88:45412. 
[47] Amani M, Lien D-H, Kiriya D, Xiao J, Azcatl A, Noh J, Madhvapathy SR, Addou R, KC S, 
Dubey M, Cho K, Wallace RM, et al. Near-unity photoluminescence quantum yield in MoS2. 
Science 2015;350:1065–1068. 
[48] Ruppert C, Aslan OB, Heinz TF. Optical Properties and Band Gap of Single- and Few-Layer 
MoTe2 Crystals. Nano Lett 2014;14:6231–6236. 
[49] Tonndorf P, Schmidt R, Böttger P, Zhang X, Börner J, Liebig A, Albrecht M, Kloc C, Gordan 
O, Zahn DRT, Michaelis de Vasconcellos S, Bratschitsch R. Photoluminescence emission and 
Raman response of monolayer MoS2, MoSe2, and WSe2. Opt Express 2013;21:4908. 
[50] Hecht E. Optics. 4th ed. Reading: Pearson Addison Wesley; 2001. 
[51] Arora A, Mandal A, Chakrabarti S, Ghosh S. Magneto-optical Kerr effect spectroscopy based 
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Figures/tables 
Tab. 1. Amplitude of the spin-splitting at the K points of the Brillouin zone in the conduction 
(Δso,cb) and valence (Δso,vb) bands in monolayer S-TMDs deduced from theoretical predictions and 
experimental results [8,10,11,13,20–35] 
 MoS2 MoSe2 WS2 WSe2 MoTe2 
Δso,cb (meV) 3  20 - 22 -29 - -32 -36 - -37 32 - 36 
Δso,vb  (meV) 138 - 150 180 - 202 379 - 429 400 - 510 213 - 269 
 
 
Tab. 2. A comparison between the values of the g-factors of the neutral excitons A and B for 
monolayers of different representatives of S-TMDs, as obtained from the measurements of the 
reflectivity or transmission spectra. In most cases, within the experimental uncertainty the values 
are the same, which is used as a condition for derivation of the empirical model describing the 
magnetic field evolution of electronic states in S-TMD monolayers. 
 
  
  
Fig. 1. Diagram of subbands in the conduction and valence bands at the K+, K−, Λ, and Γ points of 
the Brillouin zone in monolayer MoSe2. The blue (red) curves indicate the spin-up (spin-down) 
subbands, while the grey ones illustrate bands without the spin projection. The orange and green 
wavy lines show the A and B transitions associated with the σ+ and σ− polarizations, respectively. 
Δso,cb and Δso,vb denote the corresponding spin-orbit splitting in the conduction and valence bands. 
 
 
 
 
 
 
 
 
 
 
 
 Fig. 2. (A) Valence band and spin-split conduction band at the K+ point of the Brillouin zone for 
monolayer WSe2 and MoSe2. Due to the spin configuration of the carriers in the respective bands, the 
ground-state exciton is dark in WSe2, whereas it is bright in MoSe2. Photoluminescence spectra of (B) 
1L WSe2 [10], and (C) 1L MoSe2 [11] as a function of temperature up to 300 K, in steps of 20 K and 
10 K, respectively. The spectra have been shifted vertically for clarity, and are also amplified in (C) by 
factors mentioned in the figure. (D) Integrated PL intensity as a function of temperature depicting 
peculiar trends for the two materials [10,11]. 
  
  
Fig. 3. (A) Photoluminescence (blue, normalized, left y-axis) and absorption spectra (red, right y-
axis) of monolayers of WS2 [53], WSe2 [10], MoSe2 [11], and MoTe2 [13], in the energy region in 
the vicinity of A exciton. Absorption spectra have been derived from the transfer matrix based 
analysis of the measured reflectance-contrast spectra (light-grey, amplified with factors mentioned 
along-with). The neutral (XA
0 ) and charged (X±) A exciton transitions have been marked. The 
spectra for WSe2, MoSe2 and MoTe2 have been shifted for clarity along the y-axis. The dashed 
circles highlight peculiar emission from WS2 and WSe2, while the transitions marked (1) and (2) 
represent tentatively assigned Fano-like and defect-related absorption peaks in monolayer MoSe2 
and WS2, respectively. (B) Reflectance contrast spectra of 1L MoSe2 as a function of temperature, 
in steps of 20 K, depicting the evolution of Fano-type resonance at low temperature, to a vanishing 
Fano-like effect at higher temperature [11]. 
 
 
 
 
 
 
  
 Fig. 4. Absorption spectra (derived from reflectance contrast spectra) of (A) WSe2 [10] and (B) 
MoSe2 [11] with increasing layer thickness, mentioned along with the respective spectra. The A and 
B exciton transitions, i.e. XA
0  and XB
0 , are marked by green and pink filled circles for (A) and (B), 
respectively. Additionally, a charged exciton's peak is highlighted for the 1L case in the two plots 
by arrows. 
 
 
 
 
 
 
 
 
 Fig. 5. Energies of A and B exciton resonances as a function of number of layers, in different S-
TMD multilayers, as determined from the absorption type (reflectance contrast) measurements. The 
data for WS2, WSe2, MoSe2, and MoTe2 multilayers are purple-, green-, pink- and brown-coded, 
respectively. The results are compiled from the reports [8,10,11] and the recently obtained data (for 
WS2) by M. R. Molas et. al [53]. The unpublished A exciton transition energy for bulk MoTe2 is 
also shown. 
 
 
  
 Fig. 6. Circular-polarization-resolved (σ+ and σ- components) reflectance spectra of an MoSe2 
monolayer, measured at low temperature (≈10 K), revealing the presence of 3 resonances. The two 
most robust ones at ≈1.65 and ≈1.86 eV are related to the neutral A and B excitons, respectively. 
At lower energy side of the A resonance a weaker feature is seen, which originates from the charged 
exciton state. At a magnetic field of 30 T a splitting of the same magnitude is seen for the neutral A 
and B excitonic resonances. The charged exciton resonance becomes strongly polarized in 
a magnetic field, so that at 30 T its oscillator strength in the σ+ polarization is strongly enhanced 
whereas the  σ−polarization component completely disappears.    
 
  
  
Fig. 7. Pictorial representation of the influence of the valley, spin and orbital terms on the energy of 
electronic states in an S-TMD monolayer. The arrows between the states indicate the direction, in 
which the particular state is shifted when the magnetic field is applied. The color code is used to 
indicate the spin of the states (purple for spin-up and green for spin-down states). Furthermore, in 
the cartoons for spin terms, additional arrow symbols are used to more clearly demonstrate the spin 
properties. The two possible spin configurations in the conduction band have also been highlighted 
in order to emphasize the origin of the two sets of optical selection rules for optically bright and 
“darkish” materials. In the bottom part, the two diagrams show a complete energetic landscape in 
a magnetic field for both types of materials. The optically active transitions between the valence and 
conduction states of the same spin are marked and their helicity is reflected by the following color 
code: red for + polarized transitions and blue for  polarized ones. 
 
  
 Fig. 8. Comparison between the low-temperature (~10 K) magneto-photoluminescence spectra of 
MoSe2 and WSe2 monolayers illustrating the differences between optically bright and “darkish” 
materials. For an MoSe2 monolayer the neutral and charged exciton resonances are seen and their 
energies correspond well with the resonances from reflectivity spectra. In a magnetic field, in 
addition to the splitting, a strong effect of carrier relaxation results in the intensity transfer from the 
higher-energy () components of both lines to the lower-energy (+) ones. For the WSe2 
monolayer, the spectra are much more complicated due to the appearance of the low-energy multi-
peak band, which additionally overlaps with the charged exciton line. The neutral exciton line splits 
in a magnetic field with a g-factor similar to the one of the neutral exciton in MoSe2. The most 
peculiar finding is the huge value of g-factors of lines forming the low-energy band, reaching values 
as high as -14. 
 
  
 Fig. 9. Pictorial representation of optically forbidden transitions in a “darkish” TMD monolayer. In 
the left panel, the inter-valley momentum forbidden recombination is shown, which, according to 
the model discussed in the main text gives a value of a g-factor equal to 10. In the right panel, a 
spin forbidden recombination from the lower-energy conduction band is indicated, which within the 
proposed model implies a g-factor value of 8.       
 
  
  
Fig. 10. Optical pumping experiment performed when using a σ+ polarized optical excitation and 
detecting the circularly polarized photoluminescence of monolayers of WSe2 (left panel) and of 
WS2 (right panel). The difference in the intensity in the two polarization configurations is a measure 
of the polarization degree. Left panel adapted from Ref. 12. 
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 Fig. 11. (upper panel) Time-resolved polarization degree in an MoSe2 monolayer measured close to 
the A exciton resonance. (lower panel) Decay of the photoluminescence intensity in both cross- and 
co-circular polarization configurations in the same MoSe2 monolayer. Reprinted with permission 
from Ref. 14. Copyright 2016 American Chemical Society.  
 
  
 Fig. 12. Degree of polarization measured for a WS2 monolayer, at low temperature at the charged 
exciton peak (X±) at 2.055 eV, when sweeping the excitation laser energy across the neutral exciton 
resonance (XA
0 ) which appears around 2.1 eV. 
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 Fig. 13. (left panel) Polarization-resolved photoluminescence spectra of a 1L WSe2 at B = 0 and when 
B = 100 mT is applied perpendicular to the layer (right panel).  The degree of polarization measured as 
a function of the magnetic field applied perpendicular to the WSe2 monolayer shows a strong increase 
of the polarization degree when a tiny magnetic field is applied. Adapted from Ref. 12. 
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 Fig. 14. (A) Low-temperature PL spectrum recorded at one of narrow line emitting centers located 
at the very edge of about 8 nm thick WSe2 flake. (B) Photon coincidence correlation histogram 
displaying a second-order autocorrelation function g2(), where  denotes the time interval between 
the coincidence counts, measured for the narrow emission line marked in (A) with a red arrow. 
Figure adapted from Ref. 9. 
 
 
  
 Fig. 15. Scanning tunneling microscopy images of the edge of a WSe2 flake transferred on top of 
graphene (G) grown on silicon carbide (SiC) substrate, showing the existence of a nanometer-sized 
fragment of a WSe2 monolayer at the perimeter of the flake. Panel (B) presents a higher-resolution 
image of the area marked in (A) with a dashed white square. Shown in (C) is a zoomed-in picture of 
the nanometer-sized monolayer with a dashed white line indicating the location of the height profile 
displayed in (D). Figure adapted from the Supplementary Information to Ref. 9. 
  
 Fig. 16. (A) Low-temperature PL spectra of a selected narrow line emitting center hosted by a WSe2 
monolayer, resolved into two orthogonal linear polarizations V and H. Marked with dashed lines are 
two doublets of narrow emission features (P1, P3) and (P2, P4) associated with the cascaded 
recombination of a biexciton and exciton, respectively. (B) Photon cross-correlation histogram 
obtained for the pair of lines (P1, P2) under both pulsed (main graph) and continuous-wave (inset) 
excitation. Figure reprinted with permission from Ref. 120. 
 
 
 
 Fig. 17. Examples of low-temperature PL spectra measured at selected narrow line emitting centers 
hosted by exfoliated flakes of (A) WS2 and (B) MoSe2. 
 
 
  
 Fig. 18. (A) Low-temperature PL spectrum of a narrow line emitting center in h-BN powder 
measured at below-band-gap excitation energy. (B) Photon coincidence correlation histogram 
displaying a second-order autocorrelation function g2(), where  denotes the time interval between 
the coincidence counts, obtained for the narrow emission line occurring at slightly above 2.23 eV in 
the spectrum shown in panel (A). 
 
 
 
